Abstract A sizable oil reserves are held in a thick oil/ water capillary transition zones in the carbonate reservoirs, but it is an ongoing challenge to accurately describe the relationship between capillary pressure, relative permeability and oil/water saturation due to the complex wettability variation, pore geometry and heterogeneity throughout the reservoir column. It has been shown that a proper interpretation of relative permeability and capillary pressure including hysteresis has a substantial influence on the prediction and optimization of field production, especially for a heterogeneous carbonate reservoir with a thick transition zone. The conventional models, such as Corey method and Leverett J-function, cannot precisely present the behaviors of capillary pressure and relative permeability of transition zones in carbonate reservoirs. In the present work, a study has been conducted to provide an improved understanding of capillary pressure and relative permeability of the transition zones in carbonate reservoirs by implementing and optimizing recently developed models considering mixed-wet property and geological heterogeneity. For single core plug and each reservoir rock typing classified on the basis of petrophysical properties, the applicability to generate bounding drainage and imbibition curves of the models was tested with fitting parameters by comparing with experimental data. Also, a comprehensive assessment was provided about the feasibility and efficiency of the models along with an evaluation of the hysteresis between bounding drainage and imbibition curves. The results showed excellent matches in the case of Masalmeh model (SPE Reserv Eval Eng 10(02):191-204, 2007) with a correlation coefficient value of 0.95, in which mixed-wet and pore size distribution are taken into account. Therefore, it can be stated that the work conducted in this study could be used as a guide for further investigation and understanding of transition zones in carbonate reservoirs.
Introduction
The capillary transition zone is referred to a reservoir interval from the oil-water contact (OWC) up straight to the height where water saturation reaches its irreducible condition, Swir (Bera and Belhaj 2016; Masalmeh et al. 2007; Nono et al. 2014) . The thickness of a capillary transition zone may vary from a few feet in high-permeability reservoirs to more than 300 feet in low-permeability reservoirs such as carbonate reservoirs, due to its extreme heterogeneity. Transition zone in the reservoir may hold a substantial portion of oil reserves in place. The petroleum reserves and oil recovery depend heavily on several geological and petrophysical properties based on special core analysis (SCAL) such as capillary pressure and relative permeability as a function of saturation (Spearing et al. 2014; Mohamed et al. 2017) . It is crucial to express the relationship between capillary pressure and relative permeability and saturation to obtain typical capillary pressure and relative permeability curves for reservoir modeling and simulation. For water-wet reservoirs, a number of models & Achinta Bera achintachm@gmail.com have been proposed to correlate capillary pressure and relative permeability with water saturation (Masalmeh et al. 2007; Nono et al. 2014; Carlson 1981; Skjaeveland et al. 2000; Kjosavik et al. 2002) . However, it is difficult to precisely correlate the capillary pressure and relative permeability in the transition zones of carbonate reservoirs due to its high degree of heterogeneity and complex properties of wettability. Capillary transition zones in carbonate reservoirs have a variety of wettability states, whereas it is more water wet at the OWC where initial oil saturation (S oi ) equals to residual oil saturation up vertically to oil wet at the irreducible water saturation level. This type of wettability should be considered for more realistic modeling of reservoir situation. A schematic diagram to depict the capillary pressure and permeability behaviors in the transition zone is shown in Fig. 1 . Leverett J-function (Leverett 1941 ) is widely used as drainage-type capillary pressure model, but it is restricted to water-wet reservoirs and may generate erroneous results to describe mix-wet reservoirs (Masalmeh 2002) . Thomeer (1960) introduced a pore geometrical factor in his model to comprise the heterogeneity properties of the porous medium. Clerke and Martin (2004) determined the water saturation in transition zones of carbonate reservoirs on the basis of Thomeer model. However, Thomeer method is not suitable for mixed-wet porous system and cannot match well with experimental results. Most of the models for capillary pressure correlation have been developed with two adjustable parameters. One parameter indicates the pore size distribution considering the curvature of capillary pressure curve, and other one specifies the mean of entry capillary pressure, i.e., the actual level of the capillary pressure. Brooks and Corey (1966) proposed a capillary pressure correlation method comprising two fitting parameters to represent the pore size distribution and entry capillary pressure, but this model is limited to water-wet reservoirs. The previously developed models are restricted to first drainage and spontaneous imbibition capillary pressure. Huang et al. (1997) extended the capillary pressure correlation between forced imbibition and forced secondary drainage capillary pressure by using the same expression of first drainage capillary pressure. Land (1968) initialized and defined the concept of hysteresis to describe the trapping and explained its effect on relative permeability. Ever since, all the models are developed on the basis of his idea to represent hysteresis. Killough (1976) and Carlson (1981) models are formalized as industry standards, and they both focused on the nonwetting phase hysteresis in a two-phase system porous medium with neglecting the trapping of wetting phase. As a matter of fact, all these models were developed without considering the wettability variation like in the transition zones of carbonate reservoirs. Skjaeveland et al. (2000) introduced oil-wet branch referring from Brooks and Corey method of water-wet branch equation and extended it to the mixed-wet reservoir for capillary pressure correlation. Later Kjosavik et al. (2002) obtained the relative permeability correlation method for mixed-wet reservoirs by the weighting of capillary pressure. To improve all the existing models and their better applicability in the transition zones of carbonate reservoirs, Masalmeh et al. (2007) introduced a term on the basis of Kjosavik method to describe different shapes of capillary pressure curves, especially for the cases of dual porosity systems.
It is widely accepted that most of the reservoirs are mixed-wet like carbonate reservoirs, especially for the transition zones where wettability varies through the whole interval (Laroche et al. 1999) . In order to implement the properties of mixed wet into reservoir modeling and simulation, sound representatives and validated capillary pressure and relative permeability correlations are required in the study of transition zones of carbonate reservoirs. Therefore, correlations of relative permeability and capillary pressure have been presented to understand the dynamic behaviors of transition zones of carbonate reservoirs in the present work. The correlations of capillary pressure and relative permeability have been studied based on Skjaeveland and Masalmeh models, respectively. The current approach of the work would be able to provide helpful information on capillary pressure and relative permeability correlations which are very important for transition zones of carbonate reservoirs.
Capillary pressure correlation
Capillary pressure correlation in the modeling of fluid flow behavior in transition zones of carbonate reservoirs is very crucial to understand the impact of wettability variation on reservoir dynamics. Proper correlation of capillary pressure is required to demonstrate the transition zone behavior in different wettability states of the reservoir. Skjaeveland et al. (2000) developed a general capillary pressure (P c ) correlation for the mixed-wet reservoir as shown in the following Eq. 1:
where c is the entry capillary pressure, and 1/a is the pore size distribution index, S wc is the connate water saturation and S or represents the residual oil saturation. The terms, a's and c's, are constants, and they can be used as one set for imbibition and the other for drainage process. An imbibition curve is modeled by four constants (a wi , a oi , c wi , c oi ), and a secondary drainage curve from S or to S wc by the constants (a wd , a od , c wd , c od ). The constraints on the constants, a w , a o and c w , are positive numbers and c o is a negative number.
In order to validate the applicability of this model by Skjaeveland, we compared the results against laboratory experimental data obtained from SCAL. Six core samples (three samples from the upper zone and the other three from the middle zone) are taken from the transition zone of a carbonate reservoir in Abu Dhabi region to process the validation of capillary pressure correlation. The sample plug properties of permeability, porosity, connate water saturation and residual oil saturation are shown in Table 1 . Curve fitting tool of MATLAB was used to conduct the matching between model results and experimental ones, and an example of the user interface is shown in Fig. 2 . The values of fitting parameters are obtained by curve fitting as well as the correlation coefficients for both imbibition and secondary drainage are shown in Tables 2 and 3 . The calculated fitting parameters imbibition and secondary drainage do not show any consistency value. This fact may be explained by the local heterogeneity of the reservoir. With increasing depth, the values of the fitting parameters in imbibition do not follow any trend. The same fact also occurs in secondary drainage. Based on the irregular tend in calculated fitting parameters for capillary pressure in transition zones of carbonate reservoirs, it can be stated that the water-oil movement and their behaviors are really complex in nature. Therefore, proper understanding and incorporation of specific terms in correlation that can signify the complex behaviors of oil and water in transition zone are utmost important for predicting the nature of capillary pressure curves for modeling and simulation. Also, the dynamics of transition zone is dominated by relationship between the capillary pressure and saturation. As a result, a complete picture of capillary pressure behavior in the entire saturation zone is required for the same purpose of the dynamic modeling of capillary transition zones.
By applying the Skjaeveland method, both imbibition and secondary drainage processes of six core samples are investigated, respectively, and compared with experimental results. According to Figs. 3, 4, 5, 6, 7 and 8 , the matches between model and experimental results are excellently matched with a correlation coefficient above 0.95 regardless of the wettability variation through the interval of the transition zone as shown in Tables 2 and 3 . It is also important to mention here that the values of correlation coefficients do not follow any increasing or decreasing trends with depth. This is also an indication of local heterogeneity and variation of wettability of the reservoir rocks. In some of the cases, correlation coefficients are In the drainage process, the non-wetting phase displaces wetting phase from the large pores. Therefore, after the process some non-wetting phases remain trapped in the smaller pores causing capillary retention that can explain the behavior of drainage curve of capillary pressure at higher saturation than the imbibition one. Imbibition process takes places by displacement of non-wetting phase by wetting phase. In this process, non-wetting phase fluid in smaller pores first gets displaced by wetting phase fluid. As a matter of fact, the imbibition curve shows a high threshold capillary pressure for the same sample up-structure that has low drainage threshold capillary pressure. Due to capillary pressure hysteresis, capillary pressure curves obtained in imbibition process are in the lower range of saturation accordingly. The nature and shape of primary drainage and imbibition curves for capillary pressure significantly depend on reservoir rock types as well as depth. It is stated that rocks with fine grained and mud-supported rock fabrics have higher capillary pressure than the rock types with coarse grain at a particular saturation. According to a depth of zone, the shapes of the capillary pressure curves are changed with respect to connate water saturation. Connate water saturation of each zone indicates the wettability of the rock samples. In upper zone, low connate water saturation implies the oil-wet behavior of the rock samples and the middle zone samples with high or medium connate water saturation show intermediate to water-wet behaviors. It is also confirmed that with increasing depth the porosity and permeability of the rock samples are degraded with an increase in connate water saturation. This situation can be explained based on the higher diagenetic overprint toward the oil water contact along with the high threshold capillary pressure that can ease the formation of thick transition zones in carbonate reservoirs. As we move from Figs. 3, 4, 5, 6, 7 and 8, there is a change in shapes of capillary pressure curves. This is due to change in capillary pressure with depth change of wettability toward water-wet state at the deeper zone. In the transition zone, if we move from top to bottom we will reach to the water-oil contact and then free water level where the capillary pressure is considered to be zero (Fig. 1) . As we see from the curves in Figs. 3, 4 , 5, 6, 7 and 8, it is possible for the force imbibition capillary curves to become negative as oil saturation approaches residual with increasing water saturation. As a result, the water phase pressure can be higher than that of oil phase at the deeper zone (middle zone), producing a gradient that is steeper than the capillary pressure curves at the less deep zone (upper zone). Therefore, curves in Figs. 6, 7 and 8 are steeper than the curves shown in Figs. 3, 4 and 5. Accurate evaluation of capillary pressure and relative permeability are very important for investigating hydrocarbon recovery processes. Both of the two parameters are path dependent that is to say that they are different in imbibition and drainage processes, which is generally known as hysteresis effect and makes it difficult to predict. Basic knowledge is required to understand the flow path of wetting and non-wetting phase in reservoirs with displacing and displaced fluids. The terminologies of Morrow (1990) are adopted to represent the capillary pressure curves, drainage indicates a fluid flow of oil displacing water, no matter it is oil wet or water wet, and imbibition indicates a fluid flow of oil displaced by water. Through Figs. 3, 4 , 5, 6, 7 and 8, capillary pressure hysteresis can be clearly observed from the secondary drainage and bounding imbibition curves. The hysteresis effects of middle zone core samples are not as pronounced as those from the upper zone. Varying hysteresis is observed due to its dependency on the properties of permeability, porosity and wettability of porous medium. Each rock sample has its typical capillary pressure hysteresis that differs from those of the other ones.
Relative permeability correlation
Oil-water relative permeability correlations for transition zone carbonate reservoirs are important for reservoir modeling. Several models are available for relative permeability correlation, but they cannot properly demonstrate the variation of wettability of carbonate reservoir (Corey 1954; Land 1971; Killough 1976) . Therefore, Masalmeh et al. (2007) proposed a modified Corey model to generate imbibition and drainage K r curves that match the experimental data. The oil relative permeability is expressed as follows in Eq. 2: 
where S or (S oi ), k ro (S oi ) and n oi (S oi ) are the residual oil saturation, the endpoint relative permeability and the Corey exponent, and c (S oi ) is a fitting parameter to adjust the oil relative permeability to match the experimental values. The constraint for c (S oi ) shows its maximum value 0.005. S or (S oi ) is determined by a linear correlation as shown in the following Eq. 3:
where S max or is the maximum residual oil saturation and S max oi is the maximum initial oil saturation. The water relative permeabilities for drainage and imbibition are expressed by Eqs. 4 and 5, respectively, as follows:
where k rw ½S or ðS oi Þ is the water relative permeability at S or ðS oi Þ, and it is given by the following Eq. 6.
On the other hand, S wx is obtained by Eq. 7.
The characterization and experimental data of relative permeability and rock typing are sourced from the work done by Dernaika et al. (2013) . According to Dernaika et al. (2013) , the rock types were identified based on the whole core and plug X-ray computed tomography (CT), nuclear magnetic resonance (NMR) T2 distribution, mercury injection capillary pressure (MICP), pore-throatsize distribution, porosity and permeability that are reflected by petrophysical properties. Again thin section study provides the geological descriptions specifying pore systems, facies and depositional environment of all different rock types. After the rock typing of all samples, 10 plugs (2 plugs from each rock type) were selected for analysis and other measurements of SCAL properties.
The procedure of relative permeability measurement by steady state equilibrium fractional flow technique was discussed in the work of Dernaika et al. (2013) as shown in Fig. 9 . A comprehensive description of the relative permeability measurement procedure is provided here. The technique is briefly discussed here for providing an overview of the method. Initially all rock samples were cleaned by flow-through techniques using several hot solvents treatment with repeated cycles to render the rock wettability condition before oil entered into the reservoir. All the core samples were then saturated with 100% synthesized formation brine of similar composition of reservoir formation water. At this time, water permeability (base permeability) was calculated by using simply Darcy's law by measuring flow rate and pressure drop. After that live fluid (oil) was injected into the core horizontally to measure the oil permeability at measured water saturation. Gamma ray as in situ saturation monitoring (gamma attenuation saturation monitoring) was used to determine the primary drainage and imbibition water and oil relative permeability by measuring effective permeabilities of water and oil by steady state equilibrium fractional flow techniques at reservoir conditions. In each primary drainage and imbibition flood, mutually equilibrated synthesized formation brine and live oil were injected concurrently into the top of every core sample and it was continued until constant pressure, brine and oil saturations and production before altering the fractional flow rate to the next predetermined step. After reaching at constant saturations of water, oil and pressure, the pressure drop, flow rates of oil and water were measured to calculate the relative permeability by using calculated effective permeability and base permeability. After changing the fractional flow rate, the system again ran until stable pressure and saturation were achieved. The stabilization criteria have no changes in saturation and pressure drop at each step for a few hours. This process was repeated for each determined fractional flow rate. Completion of one full flooding cycle took 2-3 weeks.
Firstly, relative permeability correlation is conducted for each sample plug; afterward, it is done for RRTs. The petrophysical properties of the mineral, grain density, permeability and porosity are given in Table 4 for each sample plug and classified RRTs. For producing the curves on the basis of experimental results, saturation end points parameters used in this model are given in Table 5 for rock samples, respectively. The parameters are obtained by the primary drainage and equations included in the model. By implementing Masalmeh model, curve fitting was conducted in MATLAB to find out the best fitting parameters with matching experimental values of oil and water relative permeability for the imbibition and drainage, respectively. The results of curve fitting are shown in Table 6 .
The relative permeability correlation has been tested by Masalmeh model on a consistent set of relative permeability measurements of the rock samples taken from the mixed-wet transition zone of a well of Abu Dhabi carbonate reservoir. The drainage and imbibition of oil and water relative permeability were obtained by curve fitting against experimental results, as it is shown in Figs. 10, 11, 12, 13, 14, 15, 16, 17, 18 and 19 . By observing the correlation of oil and water relative permeability for drainage and imbibition, it has been found that the matches between model and experimental results are excellent. And it can be stated that Masalmeh model is applicable for generating representative relative permeability curves for carbonate reservoir transition zones with mixed-wet properties. This model is qualified in reservoir simulation and modeling rather than the conventional methods for water-wet reservoir only.
It has been found from Figs. 10 and 11 that there is a small difference between the primary drainage curves of the samples in the same rock types. This difference is definitely attributed due to the presence of local heterogeneity of the carbonate reservoir formation. If the poor rock type is considered, then the difference is supposed to be less as diversified ranges of micro-to macropores are present in the samples. For the curves, there is no direct correlation between relative permeabilities of water and oil intersection point on the saturation axis for the samples of different rock types. It has been found that the intersection points for all samples are in the range of a water saturation of 0.55-0.65. It has also been found from Fig. 19 that relative permeability of drainage curve for oil gets flattened shape at lower water saturation indicating the large capillary end effect. The capillary end effect is a vital issue and has a significant influence on the computation of end point relative permeabilities and final saturation levels in core flood experiments. Capillary end effects arise from the discontinuity of capillarity in the wetting phase at the outlet end of the core sample of laboratory experiments. If the capillary pressure curve is well known before, then corrections for relative permeability and saturation can be quantified based on the curve. Different rock type samples which are water wet in nature may suffer different levels of capillary end effects due to dissimilarity in rock properties. Figures 10, 11, 12, 13, 14, 15, 16, 17, 18 and 19 also show the imbibition relative permeability curves for all rock types. It has been found that the crossover points for all samples are obtained at lower water saturation values than the drainage curves. For imbibition curves, the crossover points have been found to be in the range of 0.445-0.60 that can provide a qualitative idea about the wettability change of rock samples. It is also important to mention that each sample from same rock type shows almost similar behavior in imbibition due to local heterogeneity. Therefore, it can be stated that the static rock typing based on petrophysical measurements and geological study is effective as the samples from the same rock type show similar behaviors.
Relative permeability (K r ) correlations for RRTs
The relative permeability correlation was also studied for different RRTs. The end point parameters used for correlation are given in Table 7 for 5 RRTs, and the fitting parameters, shown in curve fitting tool. Therefore, it can be stated that the current approach is also able to produce a good correlation of relative permeability for different RRTs of capillary transition zones of carbonate reservoirs.
Relative permeability correlation for another carbonate reservoir
To extend the applicability of the correlation model, relative permeability correlation has been applied on another filed with SCAL data. The correlation has been tested for another two samples of Abu Dhabi carbonate reservoirs. The detailed properties of the core samples are given in Table 9 . The end point parameters and fitting parameters of relative permeability have been shown in Tables 10 and 11 , respectively. On the other hand Figs. 25 and 26 show the drainage and imbibition relative permeability correlation graphs. It is confirmed that the model produced curves are well matched with experimental results. It has also been found from the results in Table 9 that irreducible water saturation (Swirr) values for samples 2H and 6H reached approximately to 21 and 35% in drainage process, respectively. The increase in Swirr causes due to change in wettability from oil-wet to water-wet behavior with variation of depth.
Conclusions
Capillary pressure and relative permeability correlations for understanding the dynamic behaviors of transition zones in carbonate reservoirs are utmost important in reservoir characterization and modeling. Several models are available to predict the capillary pressure and relative permeability behaviors of transition zones in carbonate reservoirs. It is important to choose the best model which can properly predict the transition zone fluid behavior for different types of wettability of the rocks. Based on the present study, the followings conclusions can be made:
1. Skjaeveland model can be applied for capillary pressure correlation for both imbibition and secondary 
